Introduction
Current guidelines suggest the prophylactic use of an implantable cardioverter-defibrillator (ICD) in post-myocardial infarction (MI) patients with left ventricular ejection fraction (LVEF) < _35% 1,2 for primary prevention of sudden cardiac death (SCD). 3, 4 In the presence of non-sustained ventricular tachycardia, with a LVEF between 35% and 40%, induction of sustained ventricular tachyarrhythmias during programmed ventricular stimulation (PVS) identifies an additional post-MI population at risk for SCD that may also benefit from ICD therapy. 5 However, the majority of out-of-hospital SCD victims suffer from heart disease at earlier stages, exhibiting relatively well-preserved LVEFs (>35%), and would not have been candidates for ICD therapy. 6, 7 In a cohort of 1041 post-MI patients with LVEF of > _40%
(mean 55%), and during a follow-up period of 32 months, 18 patients presented with SCD, yielding an annual incidence of 0.6%. 8 Although the risk of SCD in an individual post-MI patient with a LVEF > _40% is relatively small, it can become significant in the overall population of post-MI patients. This is particularly applicable in the current era, where the majority of post-MI patients are revascularized and are likely to maintain a LVEF above this threshold. 9, 10 Early identification of potential future arrhythmic sudden death victims among patients with preserved left ventricular systolic function post-MI is a challenging task. 11 In order to facilitate the design of a randomized clinical trial that will ultimately determine the role of prophylactic ICD implantation in post-MI patients with relatively preserved LVEF in clinical practice, a high-risk subgroup for major arrhythmic events (MAEs) has to be identified, to eventually be included in the randomization process.
The presence of specific non-invasive risk factors (NIRFs) in post-MI patients with relatively preserved LVEFs might identify those at high SCD risk. 8, 12, 13 We hypothesized that, when NIRFs are present, PVS can further increase the diagnostic accuracy and value of such a risk stratification strategy in this low-risk population. Therefore, in the present study, we assessed the performance of a multifactorial, two-step, PVS-inclusive approach in identifying the high-risk post-MI patients with LVEF > _40% who are at increased arrhythmic risk and would benefit from an ICD.
Methods

Trial oversight
The PRESERVE EF study is a multicentre, prospective, observational cohort study (clinicaltrials.gov identifier NCT02124018) with seven Cardiology departments in Greece actively participating. Study protocol was approved by all institutions' ethics committees and was endorsed by the Hellenic Society of Cardiology with an anonymized online database created and maintained in its servers. 14 
Patients
Post-angiographically proven MI patients, at least 40 days after the event (90 days after surgery if they underwent coronary artery bypass grafting), 15, 16 with LVEF > _40% (also assessed after 40 or 90 days, respectively from the index event), either revascularized or not-but without any evidence of active ischaemia (following negative myocardial scintigraphy/exercise treadmill test/stress echocardiography in the previous 6 months), on optimal tolerated medical therapy, were enrolled. Exclusion criteria were: (i) presence of a secondary prevention indication for ICD implantation, (ii) presence of a permanent pacemaker, due to potential effects on NIRF acquisition following pacemaker dependency and cardiac memory, 17 (iii) persistent, long-standing persistent and permanent atrial fibrillation, (iv) neurological symptoms (presyncope or syncope) within the last 6 months, (v) patients with systemic illnesses (cancer, liver failure, endstage renal disease, rheumatic diseases, and thyroid dysfunction), (vi) administration of antiarrhythmic medication other than b-blockers, and (vii) age > _80 or < _18 years old. All patients provided written informed consent.
Study protocol
A two-step stratification algorithm was implemented. 14 Upon the first step of the algorithm, an ambulatory 24 h, as well as signal-averaged electrocardiogram recordings were obtained and evaluated for the presence of the following NIRFs 13, 14, [18] [19] [20] : (i) >30 premature ventricular complexes/hour on 24-h electrocardiography, (ii) presence of non-sustained ventricular tachycardia on 24-h electrocardiography, (iii) 2/3 positive criteria for late potentials, either conventional or modified, 20 (iv) QTc derived from 24-h electrocardiography >440 ms (men) or >450 ms (women) 19 according to the Fridericia formula from a signal recorded in three pseudo-orthogonal leads, (v) ambulatory T-wave alternans > _65lV in two Holter channels, 18 (vi) standard deviation of normal RR intervals < _75ms on the 24-h electrocardiography, and (7) deceleration capacity < _4.5ms and heart rate turbulence onset > _0% and heart rate turbulence slope < _2.5 ms. 13 In the presence of at least one NIRF, patients underwent invasive PVS and were classified as inducible if sustained monomorphic ventricular tachycardia or ventricular flutter or polymorphic ventricular tachycardia were induced. The arrhythmia induced was defined as sustained monomorphic ventricular tachycardia when a uniform morphology of QRS complexes with a rate between 120 and 220 b.p.m. was observed, while persisting for > _30 s (or shorter, if termination was necessary due to haemodynamic instability). Faster rates of regular monomorphic ventricular tachycardia (> _220 b.p.m.) not permitting QRS complexes to be readily distinguished from T waves and without deterioration towards fibrillation, were defined as ventricular flutter, but they were included in the Arrhythmic risk stratification in post-myocardial infarction patients with preserved EF 
Risk level groups
After completion of the study protocol, patients were stratified into three groups:
• Group 1-No NIRFs present-no invasive PVS performed.
• Group 2-At least one NIRF present-non-inducible upon PVS.
• Group 3-At least one NIRF present AND inducible upon PVS.
An ICD was offered only to Group 3 patients. Patients declining PVS were considered not to have completed stratification and were not included in the protocol performance and survival analyses, yet were followed up as scheduled for the occurrence of any events. Patients completing the protocol but declining an offered ICD were fully included in all analyses.
Implantable cardioverter-defibrillator programming
In accordance with trials favouring prolonged detection intervals at higher rates for the avoidance of treatment of self-terminating arrhythmic events, 21 ventricular tachycardia therapy cycle length was set to 330 ms and number of intervals to detect to 32. Fibrillation therapy cycle length was set to 270 ms and number of intervals to detect to 18/24. In devices with time programming, the same cycle lengths were used but intervals were set to 7 s for cycle lengths (CLs) in the 270-330 ms range and to 2.5 s for CLs < 270 ms. Ventricular tachycardia therapy consisted of several attempts of antitachycardia pacing, followed by cardioversion at progressively increasing energy. High-energy shocks were administered to terminate ventricular fibrillation. In 32 cases dual-chamber ICDs were inserted, while in the remaining 5 a single-chamber device was chosen by both the primary and implanting physicians, after excluding the presence of bradyarrhythmic aberration on the electrophysiological study.
Follow-up
Implanted patients were followed up every 3 months, and non-implanted patients every 6 months. Events included cardiac (sudden and non-sudden) and non-cardiac death. Acute coronary syndromes and/or repeat revascularization events were also recorded. All device activation were adjudicated independently by two electrophysiologists (D.T. and P. A.) . In case of discrepancy, a third electrophysiologist (K.A.G.) reviewed the event.
Outcomes
The primary endpoint of the study was the occurrence of MAEs, namely either SCD/clinical ventricular tachycardia/fibrillation or/and appropriate ICD activation. Sudden cardiac death was defined as death occurring within 1 h of symptom onset if no evidence of alternative causes was present. Death was considered non-sudden cardiac if occurring in the context of heart failure deterioration. All other deaths were classified as non-cardiac. The secondary endpoint was total mortality.
Statistics
The primary goal of the study was to assess the proposed two-step PVSinclusive risk stratification algorithm's ability to identify a subpopulation of post-MI patients with LVEF > _40% at risk for MAEs. To that end, the study was designed to have a statistical power of 80% for detecting free from primary endpoint occurrence survival curve divergence at the 0.05 significance level. 14 All continuous variables were checked for normality of distribution, using the Shapiro-Wilk test. Regarding those with normal distribution, Student's t-test was used for all comparisons. In case of nonnormality, the Mann-Whitney U-test was used. In cases of categorical variables Fisher's exact test was used. Binary logistic regression was used to compare the odds ratio (OR) between groups with different number of NIRFs regarding inducibility. Kaplan-Meier curves were used to visualize survival free from primary endpoint occurrence and the logrank test was applied to assess the presence of statistically significant differences. A twosided P-value of < _0.05 was considered statistically significant in all cases. Power analysis 14 : Due to the paucity of data regarding PVS yield in similar population cohorts, it was necessary to use metrics derived from non-invasive indices included in this Study as well. After setting the type I error probability for a two-sided test at 5% and the power of our study at 80%, SDNN was found to be the variable that required the largest sample (a ratio of high SDNN patients/controls to low SDNN patients/exposed equal to 12 was anticipated). The anticipated accrual/mean follow-up intervals were 2 and 3 years, respectively. Relative risk (based on SDNN performance) of control subjects relative to exposed subjects was equal to 0.65. Based on the above, 66 exposed subjects and 792 control subjects would need to be studied to be able to reject with a probability of 80% the null hypothesis that the exposed and control survival curves are equal.
Data were analysed by K.A.G., C.-K.A., P.A., and D.T.
Results
According to the above power analysis, study design required the recruitment of at least 858 patients based on the initial power analysis. However, after 9 patients had appropriate ICD activations in a relatively short period of observation, the steering committee, considering ethical reasons suggested study termination given that a high-risk population was emerging. Of note the timing of the aforementioned post-hoc data analysis was remarkably close to the expected mean follow-up period (32 months actual follow-up vs. 36 months planned follow-up). Thus, ultimately, from April 2014 to July 2018, 575 consecutive patients were enrolled, with the demographic characteristics shown in Table 1 : mean age 57 years, 86.2% males, 66.3% ST-elevation MI (STEMI), and mean LVEF = 50.8%, with 92.7% at NYHA class I. Fivehundred and forty-two patients (94.2%) were revascularized with either percutaneous coronary intervention and/or coronary artery bypass grafting. Mean follow-up duration was 32 months.
The actual flow of patients is indicated in Figure 1 . Fifty-two patients declined PVS, and four patients declined ICD implantation. There were no complications following PVS, while patients could usually be discharged on the same day. There was a single case of pocket infection necessitating ICD extraction. Two-hundred and four patients (35.5%) had at least one NIRF. Late potentials and QTc prolongation were the most commonly encountered NIRFs (13.8% and 13.6%, respectively), followed by the ventricular burden indices of premature ventricular complexes and non-sustained ventricular tachycardia (10.8% and 8.6%, respectively), then by T-wave alternans (6.8%), and lastly by the autonomic function indices of abnormal heart rate variability and turbulence with deceleration capacity (2.8% for both). Table 1 presents the comparison of characteristics between noninducible and inducible groups-i.e. Groups 2 and 3, respectively. Only patients having undergone PVS are included. Patients declining PVS did not significantly differ from those consenting in any study variable, with the exception of mean number of NIRFs, being actually lower than that of patients who underwent (1.31 vs. 1.78 , P = 0.015). Group 3 patients, compared with Group 2, had lower LVEF, more dilated left ventricles and more often suffered from diabetes. STelevation MIs were more prevalent in this group, as were late potentials and non-sustained ventricular tachycardia.
Odds ratios regarding inducibility of ventricular arrhythmias during PVS between subgroups with different number of risk factors revealed those with > _2 to be significantly more likely to be inducible compared with those with a single factor (OR > _2factors / factor=1 = 2.5, 95% credibility interval 1.2-5.5, P = 0.02). Similarly, those with ejection fraction < _50% were more likely to be inducible vs. those with ejection fractions >50% (OR = 10.7, 95% credibility interval 3.1-36.9). No significantly increased OR for inducibility were noted in relation with infarction type (STEMI vs. nSTEMI). Table 2 presents PVS findings in Group 3 patients. The majority of induced arrhythmias was monomorphic ventricular tachycardias (85.4%) with a short mean cycle length (244 ms). Table 3 shows the characteristics of patients with appropriate ICD activation. No inappropriate ICD activations were observed. Notably, in all patients with device activation monomorphic ventricular tachycardia had been induced upon PVS. No events occurred in patients with a LVEF > 50%. No difference whatsoever was noted between those suffering the primary endpoint and other inducible patients regarding b-blocker dose (P = 1).
Survival analysis showed that no primary endpoint events occurred in Groups 1 and 2 while nine Group 3 patients met this endpoint in the form of appropriate device therapy, for a prevalence of 22% and an annual incidence rate of 8.2%. Mean time elapsed between device implantation and activation was 13 ± 11.9 (median 10) months. Kaplan-Meier curves for all three groups regarding primary endpoint occurrence are shown in Figure 2 (P logrank < 0.001). Survival analysis for the endpoint of total mortality/appropriate ICD activation yielded similar results (P logrank < 0.001). Due to the low number of events (9) a multivariable analysis was not feasible.
The secondary endpoint occurred in five patients (0.9%), with four Group 2 patients suffering non-cardiac deaths and one Group 3 ICDbearing patient suffering non-SCD during an episode of acute renal failure, without the device interrogation offering any evidence for precipitating arrhythmic events. New acute coronary events The performance of the proposed approach was characterized by the following metrics: Sensitivity = 100%, specificity = 93.8%, positive predictive value = 22%, and negative predictive value = 100%.
Discussion
In the present study, we examined a combined, two-step, multifactorial approach for arrhythmic risk stratification of post-MI patients with LVEF > _40%. Indeed, a high risk post-MI subgroup within the PRESERVE EF study population exists and these patients can be identified and subsequently protected with an ICD. Our two-step approach identified 41 high-risk patients out of 575 consecutively enrolled post-MI subjects with a LVEF > _ 40%. The primary endpoint occurred in nine out of them, all having suffered an STEMI, yielding a prevalence of 22% and an annual incidence rate of 8.2%, over a short follow-up period of 32 months. No sudden death events were observed among the study population when no NIRFs were present (Group 1), or even when risk factors were present but were not associated with tachyarrhythmia induction during PVS (Group 2). Thus, our approach accurately identified post-MI patients with LVEF > _40% at high risk, enabling their timely protection with an ICD from any MAE.
The annual incidence of SCD in this population is about 0.6-1%, close to the observed incidence of ICD activation in the current study. 8, 11 Our study suggests that this relatively low annual incidence of sudden arrhythmic death is likely to be increased exponentially among those truly high-risk post-MI patients with inducible sustained ventricular tachyarrhythmias and at least one NIRF present. The prevalence of 22% ICD appropriate activation rate among them is close to the observed appropriate ICD activation rate in the SCDHeFT stage II-III heart failure patient population with LVEFs < _35% (21%), namely a study in which a survival benefit for the ICD group was observed. 4 Although appropriate ICD activation rate might have overestimated true SCD incidence, 22 it is remarkable that no SCD was observed. Furthermore, ICD programming required a relatively long detection interval in two detection zones, one at 180-220 and the second at >220 b.p.m., in accordance with relevant trials, thus minimizing the possibility of inappropriate activation and unnecessary and potentially dangerous overtreatment. 21, 23 Indeed, in our ICD population no inappropriate activations were observed. Moreover, the induced ventricular tachycardia cycle length, both of Group 3 (244 ms), as well as of the nine primary endpoint meeting patients (261 ms) was rather short, and, in the latter case, close to the observed cycle length of the interrupted clinical tachyarrhythmia (275 ms). Consequently, it is likely that the observed incidence of ICD activation in this study population reflects a realistic SCD risk among patients in whom sustained ventricular tachyarrhythmias were induced, despite relatively preserved LVEF. Non-invasive risk factors, like T-wave alternans, late potentials, non-sustained ventricular tachycardia, heart rate turbulence and deceleration capacity, have been associated with SCD risk among post-MI patients with LVEF > _35%. 5, 8, 12, 13 We additionally incorporated the burden of ventricular ectopy, along with repolarization phase prolongation in order to include all arrhythmogenic mechanisms. 14, 24 Previous studies did not further proceed with PVS, a technique believed not to bear an associated prognostic role among such post-MI patients, with the exception of the MUSTT. 5 Contrary to this belief, we have demonstrated a significant contribution of PVS among post-MI and dilated cardiomyopathy patients with a LVEF > _35%, when presenting with either complex ventricular ectopy and/ or neurological symptoms, such as presyncope or syncope attacks. 25, 26 We have also supported the beneficial role of a combined non-invasive-PVS-inclusive approach in such patients with a LVEF > _35%. 27 Such observations, along with the need to better define the high-risk post-MI subpopulation that despite a relatively preserved LVEF (> _40%) will benefit from an ICD, led us to the design and performance of the present study.
1,2,14
The concept of the two-step multifactorial, PVS-inclusive approach has been successfully introduced for the risk stratification and management of post-MI patients, incorporating NIRFs, such as heart rate variability, LVEF, late potentials, and complex ventricular arrhythmias. [28] [29] [30] Indeed, such studies identified a high-risk group of post-MI patients, predominantly among those with reduced LVEF, that are usually offered an ICD, based on current guidelines. 1,2 Our risk stratification approach provides an accurate algorithm to detect the high risk post-MI patient following a limited myocardial injury without any evidence of ongoing myocardial ischaemia or significant left ventricular dysfunction. 31 The non-invasive step of our approach would necessitate PVS performance on approximately one-third of enrolled patients (35.5%). Late potentials and prolonged repolarization were the most frequently encountered NIRFs. Abnormal autonomic function indices were uncommonly met, 13 reflecting the absence of heart failure symptomatology while the relatively lower prevalence of T-wave alternans 8, 12 may be a reflection of the strict criteria required for establishing its presence in the current study (> _65lV in two Holter channels). The second step helped better define the associated risk by identifying patients susceptible to sustained ventricular tachyarrhythmias, without compromising patient safety. These high-risk inducible post-MI patients had a relatively lower LVEF, along with a slightly more dilated left ventricle, suffered an STEMI in the presence of diabetes, a finding reported in previous studies as well and with intricate pathophysiological mechanisms. [32] [33] [34] . They also had an increased prevalence of late potentials and non-sustained ventricular tachycardia. 35 All these characteristics suggest that there is a critical amount of myocardial fibrosis required in order to sustain ventricular re-entry, rendering the use of imaging modalities capable of identifying and quantifying scar burden, such as cardiac magnetic resonance imaging, appealing alternatives. 36 This has recently been suggested in proposed algorithm for arrhythmic risk stratification in heart failure. 37 Moreover, all primary endpoint events occurred in patients in whom monomorphic ventricular tachycardias were induced. This could have been anticipated considering the absence of active ischaemia in our population. Although post-MI patients with > _2 NIRFs were more likely to be inducible, three out of nine primary endpoint meeting patients only had a single risk factor, supporting study design.
The performance of our approach yielded absolute sensitivity and negative predictive values, with a positive predictive one of 22%. This under the limitation of the relatively high percentage of eligible patients declining PVS (n = 52, 25 .5%) that may have led to inaccurate assessment of our algorithm accuracy. However, their lower NIRF number, combined with the relationship between inducibility and 
NIRFs renders credibility to the assumption that a lower tachyarrhythmia induction rate would have been observed, compared with the 27% of those submitted to PVS.
Notably, patients in Groups 2 and 3 had significantly higher percentages of b-blocker treatment, as well as medication dose, compared with Group 1, findings attributable to their lower ejection fraction, worse NYHA functional class, and lower reperfusion rates ( Table 1) . We also acknowledge the remarkably low incidence of recurrent myocardial ischaemia in our cohort of appropriately revascularized post-MI population. It can be argued that the explicit requirement for ongoing ischaemia exclusion with a negative test in the previous 6 months may partially account for this finding. Absence of SCD mortality in our patient population may be the combined result of both an adequate revascularization strategy, along with an effective antiarrhythmic protection of the truly high risk subpopulation. Given the absence of significant myocardial systolic dysfunction and left ventricular dilatation in this cohort of post-MI patients at an early heart failure stage, it is expected to observe a much better survival rate among them, compared with those ICD post-MI patients with significant ventricular dysfunction at symptomatic heart failure stages. 27 The proposed evaluation of post-MI patients with preserved LVEF for the detection of NIRFs is a low-cost and widely available procedure for every practicing cardiologist in an out-of-hospital basis.
Detection of NIRFs in this patient population will disclose those at high risk for SCD after the performance of PVS even on an outpatient basis. Increased awareness of the potential risk for SCD in these patients will benefit the community and every single patient as well. The above are rendered even more clinically relevant given the formal introduction of the heart failure with moderately reduced LVEF (40-49%) category in guidelines, 38 given that no primary endpoint events occurred in patients with LVEF >50%. The above are illustrated in Take home figure. However, our study was not a randomized clinical trial since almost all patients with a per protocol indication received a device, without the presence of a high-risk control group, thus potentially overestimating true arrhythmic risk (non-lethal events being treated by ICDs). Moreover, it is possible that some Group 2 patients (NIRFs present but non-inducible) might have experienced subclinical episodes of self-terminating ventricular arrhythmias that could also have fallen within the pre-specified therapy zone had they had a device. Thus, it is advisable to perform a randomized trial with extensive use of implantable loop recorders (offered to inducible patients after randomization to follow-up as controls as well as to those with NIRFs who are non-inducible) in order to better define the accuracy and clinical ramifications stemming from the application of the algorithm implemented in this study.
Take home figure Outline of study design and findings. Starting with a cohort exhibiting a prevalence of major arrhythmic events at the 1.5% level (after a 32-month follow-up), the two-step, programmed ventricular stimulation-inclusive approach allowed for the identification of a high arrhythmic risk subgroup with a major arrhythmic event prevalence reaching 22% (almost 15-fold higher than baseline). LP, late potentials; MAE, major arrhythmic event; NIRF, non-invasive risk factors; nsVT, non-sustained ventricular tachycardia; PVC, premature ventricular complex.
Conclusions
In summary, a truly high-risk post-MI subgroup of patients with relatively preserved LVEF, at an early heart failure stage, exists and can be identified by means of a multifactorial, PVS-inclusive two-step approach applied in the late post-infarction phase. Based on the detection of such a high arrhythmic risk subgroup, multicentre randomized controlled clinical trials could clarify the clinical significance of findings presented herein and allow for the broad application of the proposed algorithm in clinical practice.
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